A critical event during apoptosis is the proteolytic cleavage and activation of a family of cysteine proteases which have been collectively referred to as caspases (8, 52) . Caspase activation requires sequence-specific proteolytic processing at internal aspartate residues in order to convert the inactive zymogen to an active protease. Fourteen caspases have now been identified, which can be divided into three subfamilies based upon their distinct substrate specificities (77) . Caspases 1, 4, and 5 (group 1) play a role in cytokine maturation and inflammation, whereas group 2 (caspases 2, 3, and 7) and group 3 (caspases 6, 8, 9, and 10) caspases are directly involved in apoptosis. Group 2 and Group 3 can be further divided into initiator and effector caspases. Initiator caspases, such as caspase 8, 9, and 10, are responsible for the activation of downstream effector caspases, such as caspases 3, 6, and 7, which in turn are responsible for the cleavage and inactivation of a multitude of intracellular proteins and the eventual demise of the cell (69) .
A wide range of external stimuli induce caspase activation and apoptosis, including the interaction of cytotoxic T lymphocytes (CTL) with target cells. CTL are important for the removal of both virus-infected and malignant cells and can destroy target cells by two distinct caspase-dependent mechanisms (2) . The first and best-characterized pathway involves ligation of the Fas death receptor on the surface of target cells (54) . Engagement of the Fas receptor culminates in the recruitment of caspase 8 via the adapter molecule FADD (also called MORT1) (3, 50) . Recruitment of caspase 8 results in the autocatalytic activation of this caspase (51, 80) , which is then capable of activating downstream caspases either by direct proteolytic cleavage or indirectly through the activation of Bid and the release of mitochondrial apoptosis-inducing proteins such as cytochrome c (21, 28, 37, 40, 62, 82) . The second pathway of CTL-induced cell death involves the calcium-dependent exocytosis of cytolytic granules from CTL. The granules of CTL are composed of a variety of proteins necessary for inducing target cell death (20, 66) . Included among these are perforin, a pore-forming protein that is thought to facilitate the entry of other granule-contained proteins, and a family of the serine proteases known as granzymes.
Granzyme B displays unique substrate specificity for a member of the serine proteinase family, proteolytically cleaving proteins following aspartate residues (4, 53, 55) . Significantly, the first substrate identified for granzyme B was found to be a member of the caspase family, caspase 3 (9) . Multiple caspase proteins have now been identified, and many serve as substrates for granzyme B in vitro (6, 9, 13, 14, 22, 50, 57, 74, 78) , suggesting that granzyme B induces apoptosis by triggering the activation of multiple caspases within intact cells. Additionally, studies have shown that caspases 1, 2, 3, 6, 7, and 8 are proteolytically processed in cells following granule-mediated apoptosis (1, 6, 9, 15, 16, 48, 64) . Thus far, however, only caspases 8 and 3 have been shown to be direct substrates for granzyme B in intact cells (1, 48, 81) , indicating that the activations of caspases 8 and 3 are potentially critical events during granulemediated apoptosis.
Caspase 8 is the first caspase activated during Fas-mediated cell death and is essential for activating the proapoptotic molecule Bid, resulting in release of cytochrome c from the mitochondria (21, 28, 40, 82) . Caspase 8 therefore represents a crucial step for Fas-induced apoptosis. Although granule-mediated apoptosis is also known to result in the activation of caspases, including caspase 8, information is still lacking regarding the specific role that activation of each caspase plays within whole cells. Since caspase 8 is a direct substrate for granzyme B in whole cells (48) and can activate other members of the caspase family, including caspase 3 (67, 68) , it can be argued that the activation of caspase 8 by granzyme B may be an important step during granule-mediated cell death. The contribution of caspase 8 activity during granule-mediated apoptosis, however, has not been fully evaluated. Many viruses encode proteins that specifically interfere with caspase 8 (49), providing unique macromolecular tools for dissecting caspase cascades induced by proapoptotic stimuli like CTL. One example is the poxvirus-encoded serine proteinase inhibitor designated CrmA in cowpox virus, which is also referred to as SPI-2 in other members of the poxvirus family. CrmA/SPI-2 is a potent inhibitor of both caspase 1 and caspase 8 and has been used extensively for elucidating apoptotic cascades (83) . In order to investigate the contribution of caspase 8 during granule-mediated cell death in whole cells, we utilized Jurkat cells transfected with the rabbitpox virus crmA gene, SPI-2. As anticipated, SPI-2 was an excellent inhibitor of apoptosis induced through the Fas receptor. In contrast, SPI-2 expression provided no protection against granule-mediated cell death. Although caspase 8 was proteolytically cleaved during granule-mediated cell death, our data indicate that granule-mediated CTL killing can short-circuit the need for caspase 8 activity. In support of this, we demonstrate for the first time that granzyme B directly cleaves the proapoptotic molecule Bid. Additionally, MCF-7 cells, a breast carcinoma cell line which is naturally devoid of caspase 3, were found to be refractory to granzyme-induced DNA fragmentation but were still susceptible to CTL-mediated lysis, mitochondrial dysfunction, and death. The ability of CTL to activate multiple caspase members in addition to inducing cell death via caspase-independent processes through the activation of Bid indicates that CTL are extremely well equipped to ensure target cell death.
MATERIALS AND METHODS
Cell lines. Jurkat cells were grown in RPMI 1640 medium (Gibco BRL Life Technologies Inc.) supplemented with 10% fetal calf serum (FCS) (Hyclone), 25 mM HEPES, 100 M 2-mercaptoethanol, 100 g of penicillin per ml, and 100 g of streptomycin per ml (RHFM). Stably transfected Jurkat cells were maintained in RHFM supplemented with 800 g of G418 (Gibco BRL Life Technologies Inc.) per ml. MCF-7 cells were purchased from the American Type Culture Collection and routinely cultured in RHFM supplemented with 100 M nonessential amino acids (Gibco BRL Life Technologies Inc.). Human CTL (hCTL) were generated as previously described (1) and maintained in RHFM containing 90 U of interleukin 2 (Chiron) per ml.
Reagents. The purification of human granzyme B from YT cells was performed as previously described (5, 23) . The replication-deficient adenovirus type 5 dl1-70 was supplied by J. Gauldie, McMaster University, Hamilton, Ontario, Canada. Murine anti-human Fas antibody (clone CH-11) was purchased from Upstate Biotechnology Incorporated and routinely used at 250 ng/ml to induce DNA fragmentation. Staurosporine was purchased from Sigma and used at 5 M. The caspase inhibitors zVAD-fmk and zIETD-fmk were purchased from Kamiya Biomedical. Jurkat cells were pretreated with caspase inhibitors for 60 min prior to the addition of apoptosis-inducing reagents. Polyclonal rabbit anticaspase 3 and anti-caspase 8 antiserum was provided by D. W. Nicholson, Merck Frosst Centre for Therapeutic Research, Pointe Claire, Quebec, Canada. The murine anti-SPI-2 monoclonal antibody was provided by R. W. Moyer, University of Florida, Gainesville. The polyclonal rabbit anti-Bid antibody was provided by X. Wang, University of Texas Southwestern Medical Center, Dallas.
Generation of stable transfected cell lines. The rabbitpox virus SPI-2 gene was subcloned into the XhoI site of eucaryotic expression vector BMGneo (31) . Jurkat cells (5 ϫ 10 6 ) were stably transfected with 10 g of NotI-linearized DNA by electroporation (250 V, 250 F). Stably transfected cells were selected with 1 mg of G418 (GIBCO BRL Life Technologies Inc.) per ml and cloned by limiting dilution. Once selected, the resulting cells were routinely grown in RHFM containing 800 g of G418 (Gibco BRL Life Technologies Inc.) per ml. Two clones (clones 4 and 5) generated from this transfection were chosen for further analysis.
Apoptosis induction. Jurkat cells were resuspended at 10 6 cells/ml in RHFM. Granzyme B (1 g/ml) and adenovirus (10 PFU/cell) were added directly to the cell suspension. Cells were incubated at 37°C for either 2 or 4 h. For Fas killing, 250 ng of anti-Fas antibody (clone CH11) per ml was added directly to the cells, and the cells were incubated at 37°C and then analyzed at the times indicated.
Immunoblotting. Cellular lysates were collected by directly harvesting 10 6 cells into 100 l of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel loading buffer and subjected to SDS-PAGE analysis. Proteins were transferred to nitrocellulose (Micron Separations Inc.) by using a semidry transfer apparatus (Tyler Corp.) for 1 h at 150 mA. Membranes were blocked in phosphate-buffered saline (PBS) containing 0.1% Tween 20 (ICN Biomedicals Inc.) and 5% skim milk for 16 h. Caspases 3 and 8 were detected using polyclonal rabbit anti-caspase 3 or anti-caspase 8 antiserum at a dilution of 1:10,000 or 1:2,000 respectively. Expression of SPI-2 in stably transfected Jurkat cells was verified by immunoblotting using a murine anti-SPI-2 monoclonal antibody at a dilution of 1:20. Bid expression and cleavage were detected using polyclonal rabbit anti-Bid antiserum at a dilution of 1:3,000. All primary antibodies were incubated with the membrane for at least 2 h, after which the blot was washed three times in PBS containing 0.1% Tween 20. The membranes were probed with either a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Bio-Rad Laboratories) at a 1:20,000 dilution or a horseradish peroxidase-conjugated goat anti-murine secondary antibody (Jackson ImmunoResearch Laboratories) at a 1:3,000 dilution. Transferred proteins were visualized with a chemiluminescence detection system (Amersham Inc.) for caspase 3 and 8 detection or with SuperSignal substrate (Pierce) for SPI-2 expression according to the manufacturers' directions.
Flow cytometric analysis of DNA fragmentation. DNA fragmentation in Jurkat cells was monitored by flow cytometric analysis via the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method (19) . Cells Detection of phosphatidylserine externalization. Phosphatidylserine externalization was monitored using the ApoAlert annexin V apoptosis kit (Clontech) according to the protocol provided by the manufacturer. Flow cytometric analysis was performed on a Becton Dickinson FACScan flow cytometer equipped with an argon-ion laser with 15 mW of excitation at 488 nm. Emission wavelengths were detected through the FL1 channel equipped with a 530-nm filter (20-nm band-pass). Annexin V-fluorescein isothiocyanate binding was quantitated using flow cytometric analysis by examining 10,000 cells per sample.
Chromium and [
3 H]thymidine release assays. 51 Cr and [ 3 H]thymidine release assays were performed as previously described (18) . Briefly, target cells were preincubated with 51 Cr (Dupont NEN) or with [ 3 H]thymidine (Dupont NEN) at 37°C for 1 or 24 h, respectively. Labeled target cells were incubated with hCTL at the indicated effector-to-target ratios. 51 Cr release was quantitated after 4 h, and [
3 H]thymidine release was quantitated after 2 h. 51 Cr and [ 3 H]thymidine releases were calculated as follows: percent lysis ϭ 100 ϫ (sample release Ϫ spontaneous release)/(total release Ϫ spontaneous release).
Detection of mitochondrial transmembrane potential and production of reactive oxygen species. Changes in mitochondrial transmembrane potential and production of reactive oxygen species were quantitated as previously described (24) . Briefly, cells were simultaneously loaded with 40 nM 3,3Ј-dihexyloxacarbocyanine iodide [DiOC 6 (3)] (Molecular Probes) and 2 M hydroethidine (Molecular Probes) prior to flow cytometric analysis in order to detect changes in mitochondrial transmembrane potential and the production of reactive oxygen species, respectively. As a control, cells were also treated with the membrane uncoupler carbonyl cyanide m-chlorophenylhydrazone (mClCCP) (Sigma) at a final concentration of 5 M (27).
In vitro cleavage of Bid. Bid was in vitro transcribed and translated in the presence of [ 35 S]methionine using the coupled transcription-translation TNT kit (Promega). Purified granzyme B was added to in vitro-transcribed and translated Bid at a range of amounts (0, 0.001, 0.0025, 0.01, 0.025, 0.1, 0.25, and 1.0 g). Following digestion, reaction products were analyzed by SDS-PAGE and visualized by phosphorimager analysis using a Molecular Dynamics Storm 860. 
RESULTS

SPI-2 expression protects cells from anti-Fas-mediated apoptosis.
To determine whether caspase 8 activity was a critical component of granule-mediated cell death, we stably transfected Jurkat cells with the rabbitpox virus serpin SPI-2. Expression of SPI-2 in various G418-resistant Jurkat clones was monitored by Western blotting analysis using a monoclonal antibody that was raised against recombinant SPI-2 protein. Figure 1A demonstrates that two Jurkat clones, clones 4 and 5, transfected with BMGneo-SPI-2 both expressed SPI-2 protein (lanes 1 and 2) but that Jurkat cells transfected with empty vector alone did not (lane 3).
Previous studies have shown that expression of cowpox virus CrmA and rabbitpox virus and vaccinia virus SPI-2 protects cells from Fas-mediated apoptosis (12, 25, 33, 41, 76) . The functionality of SPI-2 in our cloned cell lines was therefore assessed by determining whether the presence of SPI-2 could inhibit DNA fragmentation initiated via triggering the Fas surface receptor. Cells were treated with anti-Fas antibody for 8 h, and DNA fragmentation was assessed using flow cytometry by quantitating the terminal deoxynucleotidyl transferase-mediated addition of fluorescein-labeled dUTP onto the ends of fragmented DNA. Untreated Jurkat cells transfected with the empty vector demonstrated 2% of the cells undergoing DNA fragmentation (Fig. 1B, panel a) . Following 8 h of anti-Fas treatment, 59% of the cells transfected with the empty vector underwent DNA fragmentation (Fig. 1B, panel b) . This DNA fragmentation could be completely abolished by preincubating the cells for 1 h with the peptide-based caspase inhibitor zI-ETD-fmk (Fig. 1B, panel c) . Jurkat cells transfected with SPI-2 in the absence of anti-Fas antibody demonstrated little DNA fragmentation (Fig. 1B, panels d and f) . In contrast to cells transfected with the empty vector and treated with anti-Fas antibody, both SPI-2-expressing Jurkat clones showed significantly less DNA fragmentation (15 and 17%, respectively) (Fig. 1B , panels e and g), indicating that the SPI-2 expressed in these cells was functional and provided protection against Fasmediated apoptosis. Similar results were obtained using a 3 H release assay (data not shown). In agreement with previous studies, the expression of SPI-2 in our Jurkat clones did not protect cells from staurosporine-induced DNA fragmentation (data not shown), further indicating that our cloned cell lines exhibited the normal spectrum of SPI-2 activities (7).
To confirm that SPI-2 was in fact operating upstream of caspase 3 activation, we also monitored Fas-mediated caspase 3 processing, since caspase 3 is thought to be the major target for activated caspase 8 (63, 68) . Caspase 3 activation was assessed by Western blotting analysis using an antibody raised against the large subunit of the active caspase. Jurkat cells treated with anti-Fas antibody showed the conversion of fulllength 32 kDa procaspase 3 to the mature 19-and 17-kDa forms (Fig. 1C, lane 2) . In contrast, both Jurkat clones that express SPI-2 demonstrated only minor amounts of active caspase 3 in response to Fas ligation (Fig. 1C, lanes 4 and 6) .
Caspase 8 is processed during CTL-mediated cytotoxicity. The observation that purified granzyme B can proteolytically cleave and activate members of the caspase family in vitro suggests that caspases may be directly activated by granzyme B in intact cells. Since we and others have previously shown that granzyme B directly cleaves and activates caspase 3, it is possible that the activation of initiator caspases, such as caspase 8, is not a necessary step during granule-mediated cell death (1, 81) . Caspase 8, however, has previously been shown to be a substrate for granzyme B in vitro and is processed during granule-mediated cell death in HeLa cells (48, 50) .
To determine whether caspase 8 was in fact processed in Jurkat cells during granule-mediated cell death, we monitored its proteolytic activation by Western blotting analysis. Jurkat cells were treated with hCTL, which have previously been demonstrated to kill these cells via the calcium-dependent granule-mediated pathway, at an effector-to-target ratio of 2:1 (1). Caspase 8 processing was visualized using an antibody raised against the large 20-kDa subunit of the active caspase. Jurkat cells treated with zVAD-fmk in the absence of hCTL demonstrated full-length 55-kDa caspase 8 ( Fig. 2A, lane 1) . Unprocessed caspase 8 was also detected in hCTL (Fig. 2A,  lane 2) . Processing of caspase 8 to a 44-kDa fragment was first detected after 60 min, and increased amounts were seen at 90 and 120 min ( Fig. 2A, lanes 5, 6, and 7) . Generation of the 44-kDa product occurs as a result of removal of the small 10-kDa subunit from the full-length caspase (47, 48) . We also routinely observed the generation of a 27-kDa fragment, which was first observed 90 min after the addition of hCTL (Fig. 2A,  lane 6 ). Since the caspase 8 antibody was raised against the 20-kDa subunit of the active caspase, processing to the 27-kDa fragment probably represents removal of the prodomain from a fragment containing both the 20-and 10-kDa subunits of the active caspase. Curiously, we were unable to observe further processing to the 20-kDa subunit, which the antibody was raised against, possibly due to the rapid turnover of this subunit, as previously suggested (58) . Additionally, when Jurkat cells were treated with anti-Fas antibody for 4, 8, or 20 h, we also observed processing of caspase 8 to a 44-kDa fragment and a 27-kDa fragment (Fig. 2B, lanes 2 to 4) but could not observe further processing to the 20-kDa subunit. Taken together, these observations indicate that during granule-mediated cell death, caspase 8 undergoes proteolytic processing.
In order to determine the timing of caspase 8 activation with respect to caspase 3 activation, we monitored caspase 3 cleavage by Western blotting. Untreated Jurkat cells and hCTL demonstrated full-length caspase 3 (Fig. 2C, lanes 1 and 2) which was rapidly converted to the p20 fragment following the addition of hCTL. We were able to detect activation of caspase 3 as early as 15 min after hCTL addition (Fig. 2C, lane 3) . At 30 min the initial conversion of p20 to p19 was evident (Fig.  2C, lane 4) , and this increased with time (Fig. 2C, lanes 4 to 7) . Caspase 8 activity is not a necessary component of CTLmediated cytotoxicity. Since multiple caspases are activated during CTL-mediated killing and since both caspase 8 and caspase 3 have been shown to be activated directly by granzyme B, we investigated the contribution of caspase 8 activity during granule-mediated cell death using cells expressing the poxvirus caspase 8 inhibitor SPI-2. Cells undergoing apoptosis display a number of characteristic biochemical features, such as DNA fragmentation, mitochondrial disruption, and membrane alterations which include the externalization of phosphatidylserine residues on the outer leaflet of the plasma membrane and 51 Cr release. These morphological changes can be monitored biochemically using a variety of assays.
Externalization of phosphatidylserine onto the surface of the plasma membrane is an early indicator of apoptosis and is important for the recognition and clearance of apoptotic cells by phagocytes (35, 44, 61) . We used flow cytometric analysis to monitor the externalization of phosphatidylserine by quantitating the amount of fluorescein-labeled annexin V binding. Cell death was induced by treatment either with anti-Fas or with granzyme B and adenovirus, which has previously been shown to replace the need for perforin (16) . Jurkat cells transfected with the empty vector or transfected with SPI-2 demonstrated little externalization of phosphatidylserine in the absence of proapoptotic stimuli (Fig. 3a, d, and g ). After exposure to anti-Fas treatment for 8 h or exposure to granzyme B and adenovirus for 4 h, 56 and 26%, respectively, of the control cells displayed phosphatidylserine on the outer leaflet of the plasma membrane ( Fig. 3b and c) . The expression of SPI-2 resulted in an inhibition of phosphatidylserine externalization in response to anti-Fas ( Fig. 3e and h ) but not after treatment with granzyme B and adenovirus ( Fig. 3f and i) . This indicates that the presence of SPI-2 does not protect cells from granzyme B-mediated phosphatidylserine exposure and also presumably the subsequent engulfment of apoptotic cells by phagocytes. Pretreatment of Jurkat cells with the pan-specific caspase inhibitor zVAD-fmk completely blocked phosphatidylserine externalization in response to either anti-Fas or granzyme B and adenovirus treatment, demonstrating that caspase activation is a necessary component of granzyme B-and adenovirus-induced phosphatidylserine exposure (reference 24 and data not shown). SPI-2 expression in target cells, however, had no effect on granzyme-mediated phosphatidylserine externalization, indicating that caspases not inhibited by SPI-2 are important for this phenomenon during granzyme-mediated death.
Since the presence of granzyme B plays an essential role in the induction of target cell DNA fragmentation during CTLmediated death (26), we also examined the ability of SPI-2 expression to inhibit granzyme B-induced DNA fragmentation. Jurkat cells were treated with purified granzyme B and adenovirus, and the percentage of cells undergoing DNA fragmentation was quantitated by flow cytometry. Cells transfected with the empty vector showed little DNA fragmentation in the presence of either granzyme B alone or adenovirus alone (Fig.   4a, c, and d) . When purified granzyme B and adenovirus were added together to these same cells, 65% of the cells displayed DNA fragmentation (Fig. 4b) . Likewise, Jurkat clones 4 and 5 expressing SPI-2 showed no DNA fragmentation in the absence of proapoptotic stimuli ( Fig. 4e and g ). When granzyme B and adenovirus were added, 71 and 62% of the cells, respectively, were observed to undergo DNA fragmentation ( Fig. 4f  and h ). Thus, we were unable to detect any significant difference in the amount of granzyme B-mediated DNA fragmentation in Jurkat cells transfected with the empty vector or expressing SPI-2, although SPI-2 expression inhibited Fas-mediated cell death, as shown in Fig. 1B .
We also assessed the effect of SPI-2 expression on the ability of whole CTL to induce DNA fragmentation and membrane damage as measured by [ 3 H]thymidine and 51 Cr release. As shown in Fig. 5A , the expression of SPI-2 provided no protection against whole CTL-mediated membrane damage over a range of effector-to-target ratios. The addition of 10 mM EGTA inhibited chromium release, demonstrating that in these experiments Jurkat cells were killed by the calcium-dependent granule-exocytosis pathway and not by the calciumindependent Fas pathway (Fig. 5A ). In addition, no significant difference was observed between the empty-vector-transfected cells and SPI-2 expressing Jurkat cells when [ 3 H]thymidine release was measured over the same range of effector-to-target ratios (Fig. 5B) . This further suggested that caspases inhibited by SPI-2, including caspase 8, are not a necessary component of granzyme-mediated DNA fragmentation.
Much experimental evidence now indicates that mitochondrial disruption is an important event during apoptosis (re- viewed in reference 36). These mitochondrial changes include the production of reactive oxygen species (ROS), loss of the inner membrane transmembrane potential (⌬⌿m), and the release of apoptosis-inducing proteins, such as the recently identified apoptosis-inducing factor (71, 73) , cytochrome c (38, 39) , and caspases (43, 70) . During Fas-mediated cell death, activation of caspase 8 is essential for the initiation of these mitochondrial changes and subsequent activation of caspase 3 (72, 79) . Although loss of ⌬⌿m, production of ROS, and release of cytochrome c have also recently been shown to occur during granzyme-mediated cell death, the precise mechanisms by which this occurs are not yet well understood (24, 45) . We therefore assessed the ability of SPI-2 to affect mitochondrial disruption during both Fas-and granzyme-mediated apoptosis. Loss of ⌬⌿m and production of ROS can be monitored simultaneously by flow cytometry. The lipophilic dye DiOC 6 (3) targets to the negatively charged environment of the mitochondria, and when the ⌬⌿m dissipates during apoptosis, DiOC 6 (3) leaks out of the mitochondria, leading to decreased fluorescence. The induction of ROS is measured by treating cells with hydroethidine, which is oxidized to ethidium in the presence of ROS. Using this assay, Jurkat cells transfected with the empty vector or transfected with SPI-2 in the absence of proapoptotic stimuli demonstrated normal mitochondria that retained the DiOC 6 (3) dye with no production of ROS (Fig.   6a , e, and i). As a control, cells were also treated with a membrane uncoupler, the protonophore mClCCP (27) . Treatment of cells with mClCCP resulted in a loss of DiOC 6 (3) and an increase in ethidium fluorescence as demonstrated by the dramatic redistribution of cells from the lower right quadrant to the upper left quadrant (Fig. 6b, f, and j) . Cells transfected with the empty vector and treated with anti-Fas antibody for 8 h also showed a loss of cells from the lower right quadrant compared to untreated cells (Fig. 6a and c) . The loss of DiOC 6 (3) and production of ROS following anti-Fas treatment were significantly inhibited by expression of SPI-2 ( Fig.  6g and k) . As previously documented, treatment of cells with granzyme B and adenovirus for 2 h also resulted in a redistribution of cells from the lower right quadrant, representing a loss of ⌬⌿m and production of ROS (Fig. 6d) (24) . In contrast to Fas-induced mitochondrial disruption, however, loss of ⌬⌿m and production of ROS mediated by granzyme B and adenovirus treatment were not inhibited by the expression of SPI-2.
Caspase 3 activation occurs in SPI-2-expressing cells and is an essential component in caspase-dependent, granzyme-mediated DNA fragmentation. Although caspase 8 is directly processed by granzyme B in intact cells (48), we and others have previously shown that caspase 3 is also directly activated by granzyme B (1, 48, 81 ), implicating caspase 3 as an important caspase during granzyme-induced apoptosis. To confirm that caspase 3 was normally processed in the SPI-2-expressing cells during granule-induced cell death, we treated Jurkat cells with hCTL at an effector-to-target ratio of 2:1 and monitored caspase 3 activation by Western blotting analysis. SPI-2-expressing Jurkat cells and hCTL alone showed no caspase 3 processing, and only full-length 32-kDa caspase could be detected (Fig. 7, lanes 1 and 2) . Following the addition of hCTL to the SPI-2-expressing cells, caspase 3 processing to a 20-kDa form and a 19 kDa form could clearly be detected over a period of 120 min (Fig. 7, lanes 3 to 7) , which was similar in control Jurkat cells (Fig. 7, lane 9) . To further examine the requirement for caspase 3 activation during granzyme-induced cell death, we took advantage of the breast carcinoma cell line MCF-7. MCF-7 cells express no caspase 3 due to a deletion within exon three that is critical for correct processing of the mRNA (30) . When whole CTL at a range of effector-to-target ratios were added to MCF-7 cells, no DNA fragmentation could be detected (Fig. 8A ). In contrast, when Jurkat cells that express caspase 3 were used as targets, increasing amounts of [ 3 H]thymidine release were detected, indicative of cells undergoing DNA fragmentation. In support of these observations, we were also unable to detect any DNA fragmentation in MCF-7 cells following treatment with granzyme B and adenovirus (data not shown). These results indicated that caspase 3 was crucial for granule-induced DNA fragmentation when whole CTL are used as effectors. Caspase 3, however, was found to be completely dispensable for CTL-induced membrane damage, since caspase 3-deficient MCF-7 cells treated with whole CTL demonstrated 51 Cr release (Fig. 8B) . We and others have found that peptide-based caspase inhibitors are insufficient to inhibit CTL-mediated membrane damage as measured by 51 Cr release (references 24, 45, and 60 and unpublished data). These results reiterate that CTL can destroy cells via a caspase 3-independent pathway (24, 45, 60) .
To further understand the contribution of caspase 3 during CTL-mediated killing, we measured the loss of mitochondrial membrane potential, using DiOC 6 (3), and phosphatidylserine exposure by quantitating the amount of annexin V binding. MCF-7 cells were incubated with hCTL at an effector-to-target ratio of 2.5:1, and DiOC 6 (3) loss from the mitochondria was monitored by flow cytometry. MCF-7 cells loaded with DiOC 6 (3) for the duration of the experiment demonstrated no loss of fluorescence (data not shown). Following the addition of hCTL at 0, 1, and 4 h, MCF-7 cells showed a loss of DiOC 6 (3), which is indicative of cells undergoing loss of mitochondrial potential (Fig. 8C) . This result indicates that caspase 3 is not essential for mitochondrial collapse (Fig. 8C, 1 and 4 h) and further indicates that granzyme B-mediated mitochondrial collapse is a caspase-independent event. In contrast, we were unable to detect any phosphatidylserine exposure in MCF-7 cells treated with hCTL in the same experiments (data not shown), indicating that the presence of caspase 3 is an important prerequisite for this phenomenon in MCF-7 cells.
Granzyme B is responsible for the cleavage and activation of Bid. Recently the proapoptotic molecule Bid has been identified as a major player in Fas-mediated apoptosis. Since the direct cleavage of Bid by granzyme B may be responsible for the caspase-independent mitochondrial collapse seen during granule-mediated killing, we examined the ability of granzyme B to activate Bid (21, 28, 40, 82) . The involvement of Bid in the granzyme B pathway was examined both in vitro and in vivo. First, to verify that Bid was a substrate for granzyme B, Bid was translated in vitro in the presence of [ 35 S]methionine. The translated product was treated with increasing amounts of purified granzyme B, and proteolytic cleavage was analyzed by SDS-PAGE and autoradiography. Figure 9A demonstrates that translated Bid was clearly cleaved by granzyme B in vitro. Granzyme B cleaves Bid following aspartate 75, resulting in N-terminal and C-terminal fragments of similar size that are indistinguishable by SDS-PAGE (28) .
Having determined that purified granzyme B could in fact proteolytically cleave Bid, we asked if Bid was cleaved in intact cells during granzyme B-mediated killing. To perform these experiments, we assessed the cleavage of Bid using Western blotting analysis. Jurkat cells were treated with granzyme B and adenovirus in the absence and presence of zVAD-fmk over a period of 4 h. Using this approach, full-length Bid was found to be unprocessed in untreated cells or cells treated with granzyme B alone or adenovirus alone (Fig. 9B, lanes 1 to 3) . Following the simultaneous addition of granzyme B and adenovirus, processing of Bid into three fragments (p15, p14, and p13) could clearly be detected after 60 min (Fig. 9B, lanes 6 to  8) . The activation of Bid by caspase 8 results in the cleavage of Bid at residue 59, causing the appearance of p15 and p13 fragments (28) , whereas granzyme B is predicted to cleave Bid at residue 75, resulting in two fragments of equal size corresponding to p14 (28) . In the presence of zVAD-fmk, only one cleavage product of approximately 14 kDa (p14) could be detected, indicating that granzyme B was responsible for cleaving Bid in the absence of caspase activity (Fig. 9B, lanes 11 to  13) . In contrast, Fas-mediated cleavage of Bid, which results in the generation of a p15 fragment and a p13 fragment, was completely inhibited in the presence of the pan-specific caspase inhibitor zVAD-fmk (Fig. 9C) . These data demonstrate for the first time that granzyme B is responsible for the direct activation of Bid during cell death.
DISCUSSION
It is now generally accepted that an important component of CTL killing is via induction of the internal cell suicide pathway resulting in apoptosis. Activation of members of the caspase family is a critical component of apoptosis, and many members of the caspase family can be proteolytically processed by purified granzyme B in vitro (reviewed in reference 10). These observations have led to the suggestion that granzyme B initiates apoptosis by directly activating caspases in intact cells. In order to gain insight into the contributions of specific caspases during granule-mediated apoptosis in intact cells, we have used target cells stably transfected with a poxvirus macromolecular caspase inhibitor, SPI-2, and MCF-7 cells, which are naturally devoid of caspase 3.
Viruses express proteins that specifically interfere with caspase activity (49) , thus presenting an opportunity to utilize these virus-encoded caspase inhibitors for the dissection of apoptotic cascades. The cowpox virus-encoded caspase inhib- itor CrmA, also referred to as SPI-2 in other poxviruses, has been widely utilized for this purpose. The crmA gene product is related to members of the serine protease inhibitor family and inhibits apoptosis induced by various apoptotic stimuli by directly inhibiting caspases (56; reviewed in references 11 and 46) . CrmA is a potent inhibitor of both caspases 1 and 8 (34, 83) and also displays activity against other group 1 caspases as well as caspases 9 and 10 (17). Rabbitpox virus SPI-2 is a CrmA-related serine proteinase inhibitor that displays 93% amino acid identity with cowpox virus-encoded CrmA and inhibits caspase 1 with an efficiency equal to that of CrmA (42) . As expected, previous studies have shown that like CrmA, rabbitpox virus SPI-2 is an excellent inhibitor of Fas-mediated apoptosis during virus infection (41) . Our studies have extended this observation by further demonstrating that the heterologous expression of SPI-2 in Jurkat cells results in significant protection against anti-Fas-mediated apoptosis. Caspase 8 is the first caspase activated during Fas-mediated cell death and is processed by granzyme B in intact cells (3, 47, 48, 50) . Using an antibody that was raised against the large subunit of caspase 8, we provide further evidence that caspase 8 is processed during granule-mediated cell death ( Fig. 2A) . Although caspase 8 is directly activated by granzyme B (48), our data indicate that the activation of caspase 8 is not a critical component of CTL killing. This conclusion is based upon the fact that expression of the serine protease inhibitor SPI-2 has no detrimental effect on granule-mediated cell death. Our data are supported by previous experimental results with other cell lines showing that the presence of SPI-2 or CrmA in rabbitpoxand cowpox virus-infected cells or the heterologous expression of CrmA does not significantly inhibit granule-induced 51 Cr release (41, 76) . We have expanded upon these observations by also examining DNA fragmentation, phosphatidylserine externalization, and mitochondrial disruption in addition to 51 Cr release mediated by whole CTL as well as by purified granzyme B and adenovirus. SPI-2 expression in cells does not prevent cell death measured by any of these criteria. In an additional study, expression of FLIP in target cells, which interacts with both caspase 8 and FADD, also did not interfere with cell death induced by granzyme B and perforin, granzyme B and adenovirus, or whole CTL (32 In addition to inhibiting group 1 caspases and caspase 8, CrmA is also a good inhibitor of caspases 9 and 10 (17). Since caspases 8, 9, and 10 function primarily during the initiation stage of apoptosis, extrapolation of our data indicates that granzyme-mediated cell death can in fact bypass the need for activation of initiator caspases. Studies have shown that although CrmA is an effective inhibitor of initiator caspases, it displays little activity against caspases 2, 3, 6, and 7, suggesting that activation of these caspases may be critical during granulemediated apoptosis (17) . In fact studies from our laboratory have demonstrated that granzyme B can directly activate caspase 3 in intact cells (1) , further suggesting that granzyme B can bypass the need for activation of initiator caspases in whole cells. Experiments reported here demonstrate no interference with caspase 3 activation in cells expressing SPI-2 after treatment with whole CTL (Fig. 7) , and we routinely detect activation of caspase 3, by Western blotting, prior to caspase 8 activation (Fig. 2C) . When MCF-7 cells, which are devoid of caspase 3, were treated with whole CTL, no DNA fragmentation could be detected, indicating that caspase 3 was essential for granule-mediated DNA fragmentation (Fig. 9A) . Since MCF-7 cells express caspases 2, 5, 7, 8, 9, and 10 (29), the data indicate that none of these caspases can replace the need for granzyme-induced caspase 3-mediated DNA fragmentation in these cells. Recently, caspase 3 activation has been linked to the generation of a caspase-activated deoxyribonuclease activity necessary for DNA fragmentation (59), which is dependent upon caspase 3 expression in MCF-7 cells (75) . In addition, in vitro experiments have demonstrated that caspase 3 activity is required for the activation of caspases 2, 6, 8, and 10 (65). The proteolytic activation of caspase 3 in intact cells may therefore represent a critical component of granzyme B-mediated apoptotic cell death.
Although caspase 3-deficient MCF-7 cells were resilient to CTL-mediated DNA fragmentation, our data demonstrate that these cells are not resistant to CTL-mediated killing. When MCF-7 cells were incubated with whole CTL, membrane damage was clearly apparent as monitored by 51 Cr release (Fig. 8B) . Additionally, MCF-7 cells treated with whole CTL also demonstrated loss of mitochondrial inner membrane potential (Fig. 8C) . Experiments reported here demonstrate that mitochondrial collapse can occur in the absence of caspase 3 (Fig. 8C ) or in the absence of caspase 8 activity due to the expression of SPI-2 (Fig. 6) . Additionally, we have recently demonstrated that mitochondrial collapse and cytochrome c release occur independent of caspase activation during granule-mediated cell death (24) . The recent finding that activation of the proapoptotic molecule Bid results in mitochondrial damage and cytochrome c release during Fas-mediated cell death led us to examine the involvement of Bid in the granzyme B pathway (21, 28, 40, 82) . We demonstrate that Bid is indeed a substrate for granzyme B in vitro (Fig. 9A) and, more significantly, that Bid is cleaved in intact cells (Fig. 9B) . Under conditions where caspase activation is inhibited, Bid is proteolytically cleaved into two fragments of approximately 14 kDa, indicating that during CTL-mediated granule killing, granzyme B directly activates Bid (Fig. 9B) . In contrast, in Fas-mediated apoptosis, Bid is cleaved into 15-and 13-kDa fragments, and this cleavage is inhibited in the presence of zVAD-fmk (Fig.  9C) . During Fas-mediated death, the cleavage of Bid by caspase 8 results in translocation of Bid to the mitochondria, FIG. 7 . Caspase 3 is normally activated in SPI-2 expressing cells. Cells were treated with whole CTL at an effector-to-target ratio of 2:1, and caspase 3 processing in both SPI-2-expressing cells (lanes 1 and 3 to 7) and Jneo cells (lanes 8 and 9) was monitored by Western blotting.
which is essential for mitochondrial disruption and cytochrome c release (21, 28, 40) . We predict that in a similar fashion, granzyme B-activated Bid also translocates to the mitochondria, resulting in the caspase-independent release of cytochrome c during CTL-mediated death. Thus, we demonstrate for the first time that Bid is directly activated by granzyme B in intact cells, leading to caspase-independent mitochondrial collapse. Our results support the view that CTL can destroy target 51 Cr and incubated with whole CTL at a range of effector-totarget ratios in the presence and absence of 5 mM EGTA. 51 Cr release was measured after 4 h. The means and standard deviations from triplicate samples are shown. (C) MCF-7 cells were treated with hCTL at an effector-to-target ratio of 2.5:1. Mitochondrial transmembrane potential was determined using 40 nM DiOC 6 (3) . Representative data from three independent experiments are shown. cells via both caspase-dependent and caspase-independent mechanisms (24, 45, 60) . In addition, the ability of granzyme B to activate a variety of members of the caspase family in addition to Bid adds another dimension to this inherent flexibility.
In conclusion, we have demonstrated biochemically the absolute requirement for caspase 8 activity during Fas-mediated apoptosis. This is in stark contrast to the results observed with the granzyme pathway. Under conditions where caspase 8 is inhibited by expression of SPI-2, all of the hallmarks of apoptosis occurred unabated. Most importantly, we demonstrate that granzyme B can directly cleave the proapoptotic molecule Bid, resulting in caspase-independent mitochondrial collapse and cell death. Clearly, CTL have evolved to counter virusencoded and tumor cell immune evasion strategies. In this case, cells expressing a poxvirus protein that can block the initiator caspase 8 and tumor cells devoid of caspase 3 can still be effectively destroyed by CTL. These findings have important implications for the design of immunomodulatory molecules that seek to block these effectors of cell-mediated immunity.
